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ABSTRACT 
 
 
Incrustation can be defined as chemical compounds organic, inorganic and mixed, initially insoluble, and which 
precipitate accumulating in the internal wall of pipes, surface equipment and/or parts of components involved in 
the production and transport of oil. These compounds, when precipitating, cause problems in the oil industry and 
consequently result in losses in the optimization of the extraction process. Although the importance and impact 
of the precipitation of these compounds in the technological and economic scope, there is still the difficulty in 
determining methods that enable the identification and quantification of the incrustation at an initial stage.  The 
use of the gamma transmission technique may provide support for a better understanding of the deposition of 
these compounds, making it a suitable tool for the non-invasive determination of their deposition in oil transport 
pipelines. The geometry used for the incrustation detection include a 280 mm diameter steel pipe containing 
barium sulphide incrustation (BaSO4) ranging from 5 to 80 mm, a gamma radiation source with divergent beam 
and as NaI(Tl) 2x2” scintillation detector. The opening size of the collimated beam was evaluated (2 to 7 mm) to 
also quantify the associated error in calculating the incrustation. The study was realized with computer simulation, 
using the MCNP-X code and validated by means of analytical equations that indicate the possibility of using this 
study for this purpose. 
 
 
1. INTRODUCTION 
 
 
In the oil industry, a production of oil and natural gas involves the transport of fluids in the 
liquid and gaseous phase to a processing unit where a phase separation is performed. This 
separation is in the interest of the industry and has as its objective the greatest proof of the 
natural good, oil. In recent years, however, oil production operations have been expanding to 
ever greater depths, making the associated costs even higher and making detailed studies of 
feasibility and optimization of equipment and processes related to the transportation of 
multiphase fluids under these conditions. 
During the process of formation of oil and gas, already allocated in reservoir rocks, there is 
also a production of water called formation water. This presents characteristics inherent to the 
rock to which it is located and its quantity will depend on the characteristics of the natural or 
artificial mechanisms of production and the composition characteristics of the reservoir rock 
itself. The water produced from the reservoir rock is identified by its salinity and chemical 
composition [1]. To maintain the pressure conditions in the reservoir rock, a water injection 
operation can be carried out in the lower layers of the rock, favoring the migration and 
collection of the natural material of interest to the wells. 
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Oil extraction is accompanied by water and sediment, which mixed with the oil and together 
with changes in pressure, temperature and fluid flow can cause these elements to precipitate 
forming deposits of on the walls of the pipes. Due to the chemical affinity of the elements 
soluble in the sea water and the formation water, chemical reactions may occur that will favor 
the formation of inorganic deposit, the incrustations. 
Fouling may cause: reduction of internal pipe diameters due to accumulation of deposited 
products, drilling at pipe points and equipment due to corrosion promoting agents, increased 
energy consumption due to reduced equipment efficiency and shortened life equipment and 
installation [2]. 
 
Incrustations of barium, strontium and calcium, for example, are usually formed by the mixture 
of formation water and injection water. The high concentration of sulfate anions presents in the 
injection water when interacting with high concentrations of divalent cations (Ba2+, Sr2+ e Ca2+) 
present in the formation water under favorable thermodynamic conditions may result in the 
formation of sulfate salt precipitates, as shown in the Fig.1 
 
 
 
 
Figure 1: Pipe used in oil platform encrusted with barium sulfate [14].  
 
 
Over time, these salts gradually deposit on the walls of the pipes and equipment used in the 
extraction and transport of oil / gas, contributing to reduce the internal diameter of the pipes, 
contributing to reduce the internal diameter of the pipes, and may even obstruct passages and 
damage equipment, necessitating periodic maintenance actions, such as cleaning or even pipe 
replacement [3]. Thus, incrustation causes economic losses due to the impact on increased 
operating costs and equipment performance in offshore operations [4]. 
Incrustation depositions limit and sometimes block the production of oil and gas through the 
obstruction of the oil formation matrix. It can also damage production lines and equipment and 
interfere with fluid flow. The direct consequence of this is the failure of production equipment, 
emergency shutdowns, increased maintenance cost (predictive and corrective) and general 
decrease of production efficiency [5]. In this sense, there is a need to deepen the studies as a 
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way of identifying and quantifying the fouling to carry out the evaluations of corrective and 
preventive measures. 
Using conventional technology, fouling detection occurs by monitoring changes in pressure 
and temperature at certain points in the industrial plant, which only indicate the occurrence of 
the problem, most of which is already at an advanced stage [6]. In addition, the sensors used 
are expensive because of the high installation and maintenance costs, since they must be in 
contact with the fluid, which can be abrasive / corrosive and can cause physical damage to the 
sensors used, increasing the periodicity of recurring exchanges. 
Nuclear techniques, which are non-invasive, have been a potential solution for preventive 
control and monitoring of incrustation evolution, mainly used to monitor and quantify fouling 
in the offshore environment. 
From the economic point of view, the non-destructive testing procedures seem to have a 
promise in the evaluation of deposits [6]. Once a system is in place and in perfect working 
order, it is often not wise to interrupt it to conduct a study. In practice, there are relevant 
difficulties to obtain results through destructive examinations. In fact, the advantage is that 
non-destructive testing can often be performed at convenient times and not necessarily result 
in interruption of operations. 
The gamma-ray densitometry technique, one of the non-destructive test methods, has been 
applied and obtained satisfactory results in many areas, such as petrochemical, oil industry and 
mining [15]. It has been used for flow measurement studies [7]; for density prediction [8], for 
the study of thickness measurements [9] and oil transport monitoring applications [10]; for the 
detection of fouling and corrosion in pipes used for oil extraction [11, 13]. 
This technique makes use of radioactive sources of gamma rays and through them it is possible 
to obtain measurements without, however, modifying the operating conditions of the system 
under study, allowing to follow the whole process of monitoring. Nuclear techniques based on 
gamma-ray absorption methods can provide reliable measures of thickness fluctuation, for 
example, by improving accuracy and reducing costs. However, in this type of measures 
difficulties are encountered, such as the presence of water, gas or oil due to differences in 
density, which interferes with the accuracy in estimating the incrustation thickness. There is, 
therefore, a need to evaluate the behavior of the radiation beam in the most realistic scenario 
possible, that is, considering the influence of the fluids in a pipe-fouling-fluids system. 
Analysis by transmission measurements can be achieved by comparing the signals recorded by 
the detector with a content of a density calibration table or by using analytical equations. In 
any case, the calibration table can be influenced by important parameters that depend on the 
measurement conditions, such as: pipe diameter, pipe wall thickness, temperature and pressure, 
and even errors caused by the calibration procedure itself [12]. It is necessary to investigate the 
impact of these parameters on the density measurement. In both procedures, simplifications, 
based on experimental data, are often performed on the analytical model for an approximate 
solution, however this may lead to large errors due to changes in flow regime occurring in time 
and space. In addition, the solution through analytical equations is specific to a given flow 
regime and measurement geometry, and obviously there can be no significant changes in the 
system for the solution to have any meaning. 
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2. METHODOLOGY AND RESULTS 
 
 
The present work is related to the study of the gamma transmission method with the aid of the 
Monte Carlo N-particle (MCNP-X) code for the evaluation of the thickness of concentric 
incrustations of Barium Sulphate in oil pipes. 
 
 
2.1. Methodology 
 
 
2.1.1. Attenuation coefficient and material’s density 
 
 
The method developed in this work, based on gamma-ray attenuation measurements, presents 
high sensitivity to the atomic number (Z) of the material, mainly at low gamma-ray energy. 
The attenuation coefficient for photoelectric effect at a given photon energy is highly dependent 
on both the atomic number and the density of the absorbing material. 
The linear attenuation coefficient for the barium sulfate, iron and fluids were determined by 
the transmission of a pencil-beam mono energetic beam by the Beer–Lambert’s law, according 
to Eq.1. 
 
I = Io * 𝑒−(µ𝑃∗𝑤𝑃 + µ𝐹∗𝑤𝐹 + µ𝐼𝑁𝐶∗𝑤𝐼𝑁𝐶)    (1) 
 
 
Where: 
 
I: intensity of un-collided photons (.cm-2.s-1); 
Io: intensity of primary photons (.cm-2.s-1); 
: linear attenuation coefficient (cm-1);  
w: beam path length through the absorber (cm); 
P - pipe, F - fluid e INC – Incrustation; 
 
 
2.1.2. Simulation geometry 
 
 
The detection geometry consists of a 2x2"NaI (Tl) scintillation detector, positioned at 180° 
from a point source of Cesium 137 (662 keV) gamma rays. Considering that the analytical 
equations used for calculating thickness are valid for a pencil-beam beam, a study of source 
divergence was carried out with the objective of optimizing the source activity and evaluating 
the associated errors in the incrustation calculus. The divergence established initially for the 
source was 5.73 °, which corresponds to a collimator with a 2 mm aperture in the geometry 
established in this work. To evaluate the influence of the divergence of the source, the opening 
of the collimator was varied from 2 mm; 4.5 mm and 7 mm. The most appropriate value for 
the collimator, after the simulations, will be used in the incrustation calculation. 
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A source, also punctual, pencil-beam was also used for comparative purposes and all these tests 
were performed through the MCNP-X code. It should be noted that the source divergence was 
mathematically developed with the desired emission, without the use of an actual collimator, 
using the commands provided in the MCNP-X Code. The pipe used is essentially made of iron 
and has a thickness of 5 mm and 280 mm of external diameter. The fluid used was crude oil. 
To obtain the incrustation thickness, its value from 5 to 80 mm containing concentric 
incrustations and formed by only BaSO4 was varied, as shown in Fig.1.  
 
 
 
Figure 2: Simulated system.  
 
The simulation responses were obtained using the output commands available in the code, to 
study the influence of the collimator using the command (F1, tally card), while the command 
(F8, tally card) was used for the study of the incrustation value. These commands display a 
relative error due to counts in each spectrum energy range. The number of histories (NPS) used 
was determined to obtain acceptable statistics, with relative error values lower than 5% for 662 
keV energy, according to the MCNP-X manual [16].  
 
 
2.2.3. Calculation of the incrustation thickness 
 
Analytical equations were obtained for calculating the incrustation thickness. The path traveled 
by the radiation in the fouling is provided by Eq. 2, to obtain the fouling thickness, Eq. 4. If the 
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source/detector system is aligned with the pipe, it uses Eq.1. The method used in this work also 
considers possible misalignment source-detector. 
 
 
 
 
WINC =
ln K + µD ∗ wD + µF ∗ wI
−µINC +  µF
 
 
wI = wINC + wF 
 
 
X = √(Xa − Xb)² + √(Ya − Yb)² 
 
 
Where: 
 
k:  k = I/I0;  
µi: transmission coefficient for the pipe, incrustation and fluid (cm
-1); 
Wi: radiation path to the pipe, incrustation and fluid (cm); 
X: incrustation thickness (cm); 
Xa, Xb, Ya and Yb: coordinates of the line segment AB that refers to the value of the thickness. 
 
The simulations were performed using the MCNP-X code to obtain the gamma transmission in 
8 different positions of the pipe, from 3 cm to 6.5 cm in steps of 0.5 cm, according to Fig 3. 
These values are necessary to calculate the incrustation thickness, according to Fig. 4. 
 
 
 
 
Figure 3: Representation of the cross section of the pipe, fluid (oil) and concentric 
incrustation. 
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Figure 4: Representation of the trigonometric relationships of the pipe, fluid (oil) and 
concentric incrustation. 
2.2. Results 
 
 
The first data obtained were the values of the attenuation coefficient for all the materials that 
compose the studied pipe. Table 1 presents these coefficient values and their comparison with 
theoretical data contained in the National Institute of Standards and Technology (NIST) [17]. 
These data were useful for calculating the thickness of the incrustation, as described in item 
2.2.3, Eq. 2. 
 
Table 1: Linear Attenuation Coefficients for pipe, incrustation and oil. 
 
 
Data Pipe Incrustation Oil 
Density (g/cm³) 8 2,6 0,973 
Linear atenuation 
Coeficient (mcnp-x) 
 
5,78E-01 1,90E-01 7,98E-02 
Linear attenuation coeficient (teórico) 5,80E-01 2,02E-01 8,38E-02 
Relative error (%) 0,29 6,05 5,01 
     * NIST, em 2017.       
 
In Fig. 5 is represented radiation track of incrustation, with a pencil-beam source and a 
collimation aperture for crude oil, also varying the detection height and an initial nominal 
incrustation of 0.5 cm. 
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Figure 5: Radiation track of incrustation for different divergences. 
 
 
The thickness of the incrustation was obtained for the defined collimation openings, according 
to Tab. 2. The percentage relative errors were also calculated. It is possible to notice that the 
geometry using pencil beam source and 2 mm presented the values closest to the theoretical 
value of 0.5 cm. In the other two cases, with divergence of 4.5mm and 7mm, relative errors are 
relatively larger, maximum of 4.06%. This increase in the relative error in the last cases, where 
the beam angulation was extrapolated, demonstrates the importance in defining the geometry 
and the correct adjustment of the divergence. 
 
 
Table 2: Incrustation thicknesses (cm) and percent relative errors for detection heights 
of 3 to 6.5 cm. 
 
 
 APPERTURE 
RELATIVE 
 ERROR (%) 
 
DETECTION HEIGHT   
(h) 
Φ1 
(Pencil- 
Beam) 
Φ2 
 (2mm) 
 Φ3 
    (4.5mm) 
     Φ4 
  (7mm) 
Φ1 
(Pencil-
Beam) 
Φ2 
 (2mm) 
Φ3  
(4.5mm) 
Φ4 
(7mm) 
3 0.49 0.49 0.48 0.48 0.26 0.40 3.19 3.89 
3.5 0.49 0.49 0.48 0.48 0.27 0.31 3.05 4.02 
4 0.49 0.49 0.48 0.48 0.12 0,30 3.16 4.06 
4.5 0.50 0.49 0.48 0.48 0.00 0.00 3.12 3.40 
5 0.50 0.49 0.48 0.48 0.00 0.00 2.70 4.10 
5.5 0.49 0.50 0.49 0.48 0.33 0.07 2.04 3.37 
6 0.49 0.50 0.48 0.48 0.71 0.11 2.85 3.18 
6.5 0.49 0.50 0.48 0.48 0.54 0.14 2.87 3.11 
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In a second moment, the studies were carried out with variation of nominal incrustation of 2 to 
8 cm, maintaining the divergence adjusted of 2 mm and the source pencil beam for comparative 
effect, since these data were those that presented smaller relative error. In Tables 3, 4, 5 and 6 
the fouling thickness data are presented and the percentage relative errors theoretical, 
respectively. 
 
 
Table 3: Incrustation thicknesses (cm) obtained by the gamma transmission technique 
for nominal incrustation of 2 cm. 
 
 
 INCRUSTATION  RELATIVE ERROR (%) 
DETECTION 
HEIGHT   
(h)  
Φ1 
 (PENCIL-BEAM) 
Φ2 
 (2mm) 
Φ1 
 (PENCIL-EAM) 
Φ2 
 (2mm) 
3 1.99 1.98 0.48 0.71 
3.5 1.99 1.98 0.44 0.73 
4 1.99 1.98 0.45 0.64 
4.5 1.99 1.98 0.41 0.56 
5 1.99 1.98 0.36 0.57 
5.5 1.99 1.99 0.29 0.44 
6 1.99 1.99 0.36 0.47 
6.5 1.99 1.99 0.31 0.49 
 
 
Table 4: Incrustation thicknesses (cm) obtained by the gamma transmission technique 
for nominal incrustation of 4 cm. 
 
 
 INCRUSTATION RELATIVE ERROR (%) 
DETECTION 
HEIGHT 
(h)                         
Φ1 
 (PENCIL-
BEAM) 
Φ2 
 (2mm) 
Φ1 
 (PENCIL-
BEAM) 
Φ2 
 (2mm) 
3 3.98 3.97 0.43 0.57 
3.5 3.98 3.97 0.37 0.61 
4 3.98 3.98 0.41 0.51 
4.5 3.97 3.98 0.54 0.36 
5 3.97 3.99 0.54 0.24 
5.5 3.97 3.99 0.58 0.10 
6 3.97 3.99 0.64 0.06 
6.5 3.97 4.00 0.54 0.06 
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Table 5: Incrustation thicknesses (cm) obtained by the gamma transmission technique 
for nominal incrustation of 6 cm. 
 
 INCRUSTATION RELATIVE ERROR (%) 
DETECTION 
HEIGHT 
(h)                         
Φ1  
 (PENCIL- 
BEAM) 
Φ2 
 (2mm) 
Φ1 
 (PENCIL- 
BEAM) 
Φ2 
 (2mm) 
3 5.96 5.96 0.58 0.65 
3.5 5.96 5.96 0.67 0.55 
4 5.96 5.96 0.66 0.58 
4.5 5.96 5.97 0.60 0,48 
5 5.96 5.98 0.62 0.26 
5.5 5.96 6.00 0.52 0.09 
6 5.97 6.04 0.47 0.69 
6.5 5.96 6.08 0.54 1.44 
 
 
Table 6: Incrustation thicknesses (cm) obtained by the gamma transmission technique 
for nominal incrustation of 8 cm. 
 
 
 INCRUSTATION RELATIVE ERROR (%) 
DETECTION 
HEIGHT 
(h)                         
Φ1 
(PENCIL- 
BEAM) 
Φ2 
 (2mm) 
Φ1 
 (PENCIL-
BEAM) 
Φ2 
 (2mm) 
3 7.95 7.97 0.61 0.36 
3.5 7.95 8.00 0.54 0.01 
4 7.95 8.02 0.55 0.31 
4.5 7.95 8.06 0.55 0.79 
5 7.97 8.00 0.37 0.12 
 
 
In the latter case, for nominal 8 cm incrustation calculations, there was a coincidence in the 
values of the detection height and radius of the fluid. Since there is a dependence to obtain the 
thickness by means of the value of the radius of the fluid, only the values of thickness were 
obtained for up to 5 cm of height of detection, as Tab. 6. 
In all cases, with thicknesses of 5 to 80 mm, the fouling thicknesses were obtained with a good 
detection sensitivity. These cases presented relative errors lower than 1.44%, in the worst case. 
 
 
3. CONCLUSIONS  
 
 
This work evaluated the detection geometry of a gamma transmission system for quantification 
of BaSO4 fouling thickness in an oil pipe, opening of the divergence of a point source and 
thickness of the fouling to evaluate the impact of this in the calculation of the fouling by 
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changing the position of the detection system formed by source-detector. The results of the 
calculation of the incrustation thickness presented relative errors lower than 1.44%, 
demonstrating the good agreement between the initially theoretical values and those obtained 
by the simulation. It is worth noting that the proposed method also predicts a possible 
misalignment of the source-detector system, making use of analytical equations to overcome 
this problem, indicating that this methodology can be used in a satisfactory way to predict the 
thickness of deposits in oil pipes. 
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